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Detection of Photoacoustic Transients 
Originating from Microstructures in Optically 
Diffuse Media such as Biological Tissue 
Chri\topli G A IIoclen, Andrc Deltltci , arid nits F M de Mu1 
Abstract-The generation and detection of broadband 
photoacoustic (PA) transients may be used for on-axis mon- 
itoring or for imaging of optically diffcrcnt structurcs in 
tho interior of diffusc bodies such as biological tissuc. Vari- 
ous piezoelectric sensors are characterized and compared in 
terms of sensitivity, depth rcsponse, and dircctivity with rc- 
spect to spherical broadband acoustic pulses. Thc influence 
on tho sensor output of acoustic interference and rcfrac- 
tion of the PA transients at the sample-scnsor interfacc is 
discusscd. Ring detectors are suitable for deep on-axis de- 
tection thanks to  thcir strong directional sensitivity, and 
small disk sensors are most suited for 3-D imaging of mi- 
crostructures such as the (micro)vascular system. Voltagc 
and charge preamplification schemes are comparcd in terms 
of the signal-to-noisc ratio (SNR). In all cases, the pream- 
plificr noise turns out to be tho limiting factor for the sensi- 
tivity. Based on experimental data, for scvcral sensor typcs 
and optical wavelengths, thc theoretical detcctability of PA 
signals gcncrated by blood-like absorbcrs in biological tis- 
suo is discussed. 
I. T N T I ? O D U C ~ ' I O N  
HOTOACO1JSTIC (PA) signal gciieration [I]-[7] may he P nsctl to detcrriiinc tissue chnractcristics [8] [ I s ]  or to 
construct tonlographic iniagcs of biological t,issues [LG]- 
[MI. Tlie tcchniquc is bascd on the gcnor:Li;ion of a prcssurc 
pulse by an optical absorber following pulsctl irradialion. 
The PA pulses may liavtve a. bandwidtli up lo mor(! tlian 
50 MHx [7]; [19] [2l]. Detection of tliis wc:oustic rc~spo~isc 
allows thc possibility of mapping optical c:liaracterisl,ic:s of 
the intcrior of the sample. For mcdical applicat,ions, tlie 
imaging of tlic (micro)vascular syst,cin, tissue depth pro- 
filing, or PA spectroscopy in a well-dclinctl voluinc would 
bc of utmost. intcrest 
Iri principle, a wide variety of t,cchniques is available for 
the detection of' acoustic transiciits, l~ascd on tlic detect,ion 
of the displacement, tlic velocily, or tlic density of particles 
in tho mediurn. IIcre, only tlic most important l.echniqucs 
are briefly discnssed. Piczoclcctric tlclcctiori turns out to 
be a very suitable technique for. the tlclcctioii of PA sig- 
nals in  tissuc :is with ultrasoiintl pulsc cclio iiiiaging. h i  
iinportaiit diflcrcnce, however, is tliat tlic picsoclcctric clc- 
nicnts in the pulse eclio techniqiic are uscd lor trimsinission 
a r i d  detection of tlie acoustic: pulses, and, iii PA imaging, 
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they are only used lor detection. Cliaraci,crisi,ics of picso- 
clcct,ric dclcction will be tliscnssed, and sonic t,ransdiiccrs 
that liavc bccn coristructcxl arid iisctl for PA del,ccl,ion am1 
imaging arc cliaracterizcd. N7c will locus on ticloclioii of' 
PA signals will1 the piirposc of tloptli profiling aiid 3-D 
imaging of miciostriictnrcs iri tissiic. 'I'his rcqiiircs rcco~i- 
stniction of tlic acoustic wavc fronts nntl, thus, tlie use of 
sinall seiisiiig areas. It tiirncd out i,hat for i,ho purposc of 
PA iiieasurcincnts in tissiie, commcrcially availnblo tlet,cc:- 
l,ors were ~iot ,  sensitive cnoiigli. This was mainly due t,o an 
ii~siifIiciont tuiiiiig of t l i e  prcnrriplificatioii characteristics 
to tlic rcquirccl frcqiiency haiitlwidlli of tlic PA signals. 
For tlicsc reasons, wc decided 1,o undcr1;altc a, thorough iri- 
vestigation into the signal processing characteristics of PA 
dctect,ion. Signal-t,o-noisc ratios (SNR) had to 11c rcmnsitl- 
crcd. As i i  result, we wcrc forced to design oiir own line of 
probes. The rcsiilt of this iiivestigalioii is prcsciited subse- 
qiicntly. As a general conclusion, wc statc that ,  provitlctl 
proper care lias hccn taken or PA signal processing arid 
a proper mix of rcquireuierits of resolui,ioii, dinierisioris, 
depth, prcnirii)lification, and noise ( m i  bc o1)taincci. PA 
array detection lor 3-11 iinaging of striictnres iii tissue is 
very feasihlc. 
11. DETECTION OF PIIOTOACOIJSTIC ULTRASOCJND 
Common tecliniqucs for the detection of xoustic w ~ ~ v e s  
a.t the siirface of i i  sample are hasctl on piczoclectric, capac- 
itative, clcctrornagnctic, or lascr iriterfcronictric principles 
[22]. For PA imaging of tissiic structures, we need k~road- 
haiid sensors (>SO M H L )  signals with amplitudes in the 
kiloPascal range (corrcspoudiiig with displaccmcnt,s in t,hc 
picoiiieter rarige) [7], [NI. To obtaiii ii high latcral rcsolii- 
tion, the sensors should approxiiriatc point detection (spot 
(liarneter <I00 /mi) at t,lio tissuc siirfacc. 
Lasor interf'croinclers or piczoeleclrics are the iiiosl suit- 
able sensors for PA 1 iic sensing. Iriteili?roiric!tors as well 
as picxoclcctric sensors can be h i l t  to haw a flat response 
lcss tlian 1 lip to 100 MIIz [ 2 3 ] ,  [%I]. h m d h a n d  piwoclcc- 
1,ric traiisdiiccrs may bc up to ahoiit 30 dB iiiorc sensitive 
than laser intcrferomct,crs covoring il comparable liand- 
witltli (c.g., 10 MIIz) [22], [%I. For roiigli and optically 
poor reflecting sirfacos such as tissue, the difference will 
cvcn be signiiicaritlg larger. A piczoclectric point-contact 
tlctoclion tlireshold of about 0.2 pin with a detection 1 x " -  
width of 10 MTls lias lxcn reported [ 2 3 ] ;  wliicli should be 
conipared with the detection threshold for inlerferorric1;- 
ric detection [22] of several picometcrs. F'loni a sensitivity 
point of view, piexoclcctric detection scorns to bo favorablc, 
but, for the best lateral resolution, l,he laser intcrfcrome- 
tcr is tlie best option thanks to its point-coiitact cliaractcr. 
The higher sensitivity arid easc of cons1,ruction writ1 opcra- 
tion of picsoelectric sensors make thcsc the best choice for 
oiir purposc, althoiigh interesting results using intcrfcro- 
metric detection of ull.rasouiid liave bccii reportad recently 
[26]. Wlcasiireniciits with several prot,olypes of a PA probe 
iiitendctl for rricdical imaging arid based on piezoclcctric 
detection have bccii reported [SI, [14], [18]. 
Tlie piezoelectric effect is described by a. corribinalion 
of the elect,rical relationship D = tE and the mechanical 
rcla1,ion S = sT of the material, whcrc D is dielectric dis- 
placeiiiciit, c is permittivity, E is electric field strcnglh, S 
is strain, s is compliance (stiffness coefficient), and T is 
applied stress. The cquations can hc combined in many 
ways l o  obtain a set of piezoelcct,ric coiistitutivc relations 
[27]. &'or ultrasound de techn ,  often tlie piezoelectric volt- 
age constant g and charge coristaiil d arc used witah the 
relations: 
D = E E  + d T  or E = D/E ~ I/T (1) 
where d = tg. The coefficients ,9, d,  t arid s are tensors and 
are generally characterized by two subscripts to indicate 
the components of the tensors. 
An important group of piezoelectric materials are tlic 
piezoelectric ceramics, e.g., tlie sintered ferroelectric ce- 
ramic lcad zirconium titanium oxides (PZT), coiisisting 
of small ferroelectric domains. Another important class 
of piezoelectric materials arc those t,lial can be deposited 
as a thin film on a subst,ratc, e.g., zinc oxide (ZnO). 
Also, ferroelectric polyrncr filins liavc been tlcvelopetl, e.g., 
polyvinylideiie difluoride (PVF2). Generally, piezoelectric 
polymer films arc regarded as the materials prererreci for 
hydrophones (tletcctors of acoustic waves in liquids) he- 
cause of their large g constant. Ccramics generally have a, 
high piezoelectric stress constant and would h e  prcfcrable 
for ultrasonic generation. Quark  ha,s a high quality factor 
and is used for frequency strtbilizcrs for example. PVFz 
[28] is at,tractivc for medical iiriaging because its xoiistic 
impedance closely mal,clies the impedanco of tissue, and it 
is mechanically flexible arid bettor rcsist:mt to mechanical 
shock than ceramics [as]. Spot-poled rncmhraric polymer 
hydrophones arc highly desirable as detectors in pulsed 111- 
lrasoiinrl mcasiircmcnt stitdics I-~c:caiisc of their hroad1)aiid 
non-pcrtiirbiiig properties [30] and liavc been presented as 
suilablc sensors for ultrasonic dosimetry 1311. Polymer Iiy- 
droplioncs with a diarriet,cr as small as 0.1 iiiin have 1)ccn 
inatle [32]. Stiidies on tlie directional responsc of miniature 
hydrophones revealed large diflerences bc1,wecn individiial 
hydrophones (polymeric as well as ccrainic) and llie inca. 
sured values could riot be rclat,ed satisfyingly to several 
thcorctical inodcls [33], However, all of thc rriodcls were 
based on diffraction t,hcory, and acoustic rciflcction mid re- 
fraction were not, talten into accoimt. 
A 9-pin thick PVPZ niembranc hydrophone has bocn re- 
ported lor iisc in the I- to 100-WIHs heqiic:ncy rangc: 1241. 
Tu this rangc, the response was coiicludcd to  be ilal, within 
ca. 5 dR,  which iriakcs lhis filiii suitable for high resolution 
PA tissue imaging. The coeficicnt 11 was concluded not to 
dcpcntl on tho frequency, but d i d  e do vary (similarly) 
with freqiicncy. This would nialte voltage detection niorc 
suitable than charge delcction for 11roatlband signals, as 
long as the output docs riot, depend oil the sensor ctrpaci- 
tancc. If tlic latter is not fulfilled, this inay result in loss of 
sensitivity with increasing frequency [34]. However, cxper- 
imental d a h  in tlic range from 0.5 t,o 100 WII-In showed a 
smooth and flat frcqueiicy rcsponsc: within 3 tlB [36]. Of- 
1,cn PVFZ sensors arc used wi1,h a voltage amplifier. Signal 
arnplificalion schemes have h e n  discussed [:%I, biit no gcri- 
era1 conclusions could bc drawn. For a 0.5-rnm diarrictcr 
PVF2 needle hydrophone (Lhickiicss, 9 pni), a sensitivity 
of 30 nV/Pa has bcen rcported 1371. Ifowever, to firid the 
dct,ccliori limit, not only the sensitivity, but also the noise 
level or the noise equivalent pressure Pen, is nceded. Or- 
ten, the P,, in a 1-Hx band is used as (a rnea,sure for) t,he 
minimum detectable pressure. It is relat,cd l;o the scnsitiv- 
ity v(V/p Pa), the measured noise voltage Em (V), arid the 
nie;wircmerit bandwidth A[(&) according to the rela.tion 
[30] : 
Tlic nieasiircment handwidth was 300 ltPa, so the 1,otal 
noisc equivalent, pressure was 650 Pa. We have obtaincd 
much smaller P,, values, h i t  with a comparablc total 
rioisc equivalciil pressure, for a. nieasnrerricnt bandwidth 
of about 65 WIHz. Because the spectral noise distribution 
often is far from white, this is riot a rcliablc way to predict 
the rniniminn detectable pressure for other nieasiirenient 
bandwidt,lis. Not only the SNR and tlie absolute sciisitiv- 
ity are of iniportaiicc, but also a good pulse responsc. This 
is milch more easily obtained with polymers than with ce- 
ramics. 
111. PIKZOELECTILIC IIN-DISK DETECTION 01,' 
BHOADRAND PA SIGNALS 
PA imaging requires small sensors to achieve a high rcs- 
olution. The tliiclciicss has t,o hc sinall cnongh to htwe an 
acoiistic transit, time that, is smaller than the duration of 
tlic signal. The diameter has to Iic sniall enoiigh to avoid 
dcstriictive acoiistic iiitcrfcrcnce across the surface of the 
dctrctov. A sensor may lie charactcriscd by its depth rc- 
sponsc arid its directivity for a, st,aiidard broatlband signal. 
Ucplh rcsponse exprcsscs thc! tlcpcntlencc of tlie scnsor 
oiitput amplitude on the on-axis detection distancc. The 
tlircci,ivity expresses tlic dcpendcncc of the sensor signal 
arnplitiidc on the angle of incidence and, t h i s ,  on t,hc rel- 
ative! translation of the soiircc perpendicular l;o the sensor 
axis. Tllc depth of the soiircc is il paramctcr for the direc- 
tivity. A nieasiirc for tlie directivity is 1,hc half widtli at 
hall ntaxirniim (HWHNI) ol tlic! seiisor output aniplitiitlc 
as a function of trmslatiori. 
For a thin-disk picnoclcctric scxisor for which only 
the thicltness iiiorle is relcvanl, (neglcct.ing 1;3- arid 2 3  
coiiplirig, whcrc 1 and 2 are the trarisvcme dircctioiis and 
3 is tlic a,xial direction) arid wii,li a t,liicltncss much sniallcr 
than (,he charactcristic vmvolcngtli of lho acoustic signal, 
thc: responso is dctcrniiiictl by thc: riornial coniporicnt ol  
tho transmitted signal. Tlic tiiiic-dcperidcrit picm voltage 
y,(f,) and sitrfac:c che,rgc: &?,(t) can he otita,inctl by aver- 
aging the normal co i i ipm” of the trarisiiiil.1;c:d p1 
over 1,llC detector s11rfacc: 
P(r,t)’T,L(r) cosO2(r)dA; I Y:& V,(t)  = ’A .  
:<!J 
inl,crfcrciicc, t l ic  tola1 chxrgc is at a niaxirriuin, hut tlic sig- 
nals will I)e scvcrcly distortcd, and tlie voli,agc will drop. A 
corriproiiiise lias i,o be found. This will Ijc illiistratcd suhso- 
qiienlly. To inaxirriize the avcragc siirfacc chiirgc, the phnsc 
diffcrcncc bctwc:c:n tlic signals arriving at tlic! center arid 
a1 the edge of the sciisor sliould I x  sinallcr than Tlip/2. For 
ori-a,xis detection, this tloiincs thc inaxiiriiirii sensor rntliiw 
R,,,,, for maxinumi c h r g c  gcixration with limif,ctl signal 
dishrtioii: 
Rmax 1 (5) 
whcrc v(rii/s) is tlic acoustic phase velocity iii  tlic 
a,nd 2 is tlic dcpt,li at which the so~ircc on-axis is loca ld .  
Tlie iniiiiiriurri dcpt,li for i i  soiircc l,o IIO dcl,cctc:tl without 
sigrial loss tlctcriiiinc:s tlie innxiinurn sciisor radius. As an 
cxaniplc, for tlic opl,iinal dctectiori of a spliericid PA sonrcc 
emitting a signal wil,h T~~~~ = 20 ris located ai, 1 niin depth 
iii wttcr, 16,,,, = I70 prii.  
To he ablo to clioosc a proper dc 
pcrforiiied a scrics of siriiiila1,ions of t 
coiisidei~ing acoiistic ini,crfei~cncc. ‘ J h :  Gaussian sphcriciil 
soiircc rnodcl [E], [7] was iisctl wi1.h T~,], = 20 ns. The inaxi- 
inurn signal amplil,ittlc ar id  the least distortion of tlic piczo 
voltage V,, is obi,ained for the srnallcst sensors. This has, 
howcvcr, l,hc tlisatlvantngc that, a.t the mine lime, l,lic sur- 
face charge Q,, is rcduccd a r i d  will vanish for point dc- 
1-ection. Assuming short acoiistic pulses ( V T ~ , ~ ,  << R.) for 
tlotection rlistances smaller than the scrisor tlianiclcr, V, 
and Q1, bccoirie intlcperidcnl, of deplh. Wilh increasing sen- 
sor diarnctcr, QP reaches n niaxintiiiii, but, I/, will fnrthcr 
dccrcasc because it is proportional to the averagc: pres- 
siire. Witliout iriiicli signal (listortioil, llie inaxiriiiini sur- 
face cliurgc and tho maxirnnni picnoolcctric voltage a.rc ob- 
tained with a detector rndiiis of 0.1 iri in for a tlctcction dis- 
tance of 1 min. This corresponds very well with the w l n c  
of 122 pm calculai.ctl witli (5) a.nd shows the app1icat)ility 
of this relationship. 
,r, this op1,iniization is not l,hu only crit,c!rion for 
ioii hcolusc, for PA ima,ging, tlic scnsors shoiild 
Ijc as sinall as possihlc to obtain iri;ixiniuiii ~~csol~il,ioii. ‘I’his
conflicts with inaxiniiuri charge gciicr.;il,ion, i ~ n d  a. coiiipro- 
ruisc has to hc h in t1  
whcrc tp(iri) is tlie thicltncss of tlic disk; 24(rri2) is lhc m i -  
sor surfxc area; P(Pa) is the prcssnrc arid TA is t.hc anipli- 
tilde transmission, bolh at the sensor sinface; and 82 is the 
angle of the refracted wave in tlic sensor. 1/33 and d:in arc 
the thickness mode picxoclcctric constarits. If coupling be- 
twccii tlie radial and thickncss niotles is taltcn into aceontit,, 
the response is rctiiiccd bccausc the 3, l -  and 3,2-coupling 
coefficients liavc inverse polarily coinpared with tlir 3,:i- 
coiipling. Becaiisc, in most cases, the latcral diincnsions 
of tlic sensor arc rmicli liirgcr tlian tlic wavcleilgt,li of lllc 
acoustic signiil, this coritribiition is expoctcd to  be small. 
The voltage increases with the sc~isor tliicltncss as long 
as  thc sc~isor is thin cornpi?rcd with tlic: wavelength of the 
signal in tlie sciisor. According i,o tllc siipcrpositiori priiici- 
plc, every PA rcsporise can be regardod as a corriposit,ion of 
point-source responses. A small spherical source generates 
a, bipolar sigrial that, is cliaracterixcd by tlie peak-peak rlw 
ration rvp. Tlie mnxirniini sensor i,hicltriws is approxiinated 
IjY 
whcrc i ld is the acoustic phnsc velocity in the piczoel(:ctiic 
nietliiiin along tha poling axis, and it is assiuincd that sig- 
nificanl, rcficctiori at, the Iiaclting mat,cxial rimy occ~ir. Witli 
this i,hickiic:ss, a bipolar PA pulsc will l~roadcn sorricw1ia.t 
during the detection, hiit T?,~, 01 l,hc sensor signal is thc 
same as foi. tlie 1’A pulsc itsclf. If tlie haclting rriaterial 
is ncoiisticnlly inatchcd, thc thickness c m  he two tirncs 
larger. 
Expression (3) for (,hc sensor signal sliows that. the out- 
put amplitude will bc rchted to lhc angle of incidcncc, tlic 
sonsor diarncl;cr, arid spatial lcrigtli of l,ho acoiistic tmn- 
siont P(r,  1 ) .  Upon iiicreasing the ariglc: of incirlciicc, thc 
avcra,ge prcssiirc on tlic sensor is rcthicctl, arid, thns, I,hc 
sensor shows cnhauced forward seusilivily. But also, for 
ori-axis tlct,ection, l,lic intorfercncc can tic significant, ailcl 
inay infliiencc the dcptli rwponsc. For point, dctcctioii (i.e., 
lor variisliing capacitance), t,hc lotal clixgc vaiiishes; hiit 
a maximinn; for large scnsors caused Ijy 
U(:(::iusc of tlic: small sixs ol I,ltc piczocloctric: cleineiit, 
its capacitaiice Cp rnay ljc very sruall. Tlic: signal anipli- 
1,iidc V, is rcducctl t)ccaiisc of the load c:;qxicitsucc, wliich 
consists of I,hc stray capacitancos C,9 arid I,hc inpul capac- 
itancc C, of tlic opcrationnl aiiiplifior [Fig. I(&)]. For volt- 
age tlolcctiori, (,his results in a n  efl’cc1,ivc inpiit, voltage Vd 
al, the atnpliiicr inpiit. To case tlic picxoc+lcctric iri;it,c:rial is 
coupled capacilivcly, this coiipling capxittmcc C<;, wliich 
rctliiccs the capxitancc of  the sensor, shoiild bc: talten inlo 
ac:coiint, arid the cllcctivc: c:apncitmcc of i,lic ~)ic:noclcclric 
elcrricmt slioultl he nscd, given by Cl,Cc/(Cr, + C<:), ‘I’his 
is import,ant for scnsors wilh a srnall C,. The prcscnu: of 
0.- 
v, 7. 
Fig. 1. Preamplifier configurations [or piczoclectric detection of aconstic signals. A) Voltage anrplificatiou; B) chargc amplification. Symbols: 
V,] = p i a 0  voltage causcd l y  houiid charges; C,, = capacitance of piezoclcctric sc11sor; C,q = stray capacitance; C, = input capacitance of 
OpAmp; C, = capacii.ance to reducc DC-gain; C f  = feedback capacitancc; Cf1 ~ Cf2 = filter capacilances; & = shunt rcsistaiice; Ri = input 
impedance of OpAmp; It, T gain resistance; RI = fccd back rcsistance; and R,fl = filtcr rcsistancc. 
the other capacitariccs caiiscs an atteniiation of the sigrial 
amplitude (above the ciit-off frequency) given by 
For small scnsor capacit,ances, this signal loss can hc sig- 
nificant. As an example; a 0.2-mm diameter PVF2 sensoi 
(e7. = 12) with a thickness of 9 prn is taken. Thc capaci- 
taricc is 0.37 pF, and, with C, = C ,  = 2pF, this resi1lt.s in 
an attentuation by a factor of 12. Iri case of chargc ampli- 
fication (CA), tlierc is riot sncli a sigrial atteniiatioii, hut 
tlicn tlio gain is limited by C, as is shown later. 
For several piezoelectric matorials [PVFz, P(VF2- 
TrFE), PZT-4, PXE-421 [27], [38]-[41], tlic seiisitivity qv 
of a disk sensor was calculated, assiirriirig detection in an 
aqueous medium, according to 
where ?; is the normal amplitude transmission at t,he 
water-sensor interface, XZ is tlic arnplitude rcflectiori a t  llic 
sensor-backing interface, and A c  = C,/C, is the capaci- 
tive voltage attcnnation with CL = C ,  + C, + C,. Stainless 
steel is taken as the backing makrial, but other materials 
that acoustically match to the sensor can he taken a,s well. 
The sensor t,hickiiess is optimized according to (4). A stray 
capacitance of 2 pF and a preamplifier input capacitance 
of 1 pF was assurncd. For 0.1 to 0.5-mm diameter trans- 
ducers, 'rIv varies hetween 0.2 arid 3 pV/Pa for PVF2 arid 
varies hetwcen 0.6 and 1.4 pV/Pa lor PZT. 
The charge generation is proportional to the capaci- 
tance of the sensors, i.e., proportional to the siirface area. 
Chargc generatiori in t,he ceramics is much larger than 
for quartz or PVFz. Because the dielectric constant of 
the ceramics is much larger, the piezoclectric voltagc is 
strongly reduced. The polyrncrs show the largest, intrin- 
sic voltagc sensitivity as given by y:33 [scc (1) and (3)]. 
For the large sensor dismetors, tlic dkctivc output, volt- 
age of tlic polymer films is higlicr lliari that ibr the otlicr 
piczos, but, for the smaller diametcrs, the capacitive loss 
is increasingly importaiit, and t.hc ceramics show better 
perforrnancc. With respect t,o the charge generation, the 
ceramics are superior. 
Piezoclcctric ccrarriics have also sornc drawbacks. Be- 
cause of tlic large impedancc mismatch with water, they 
tend to ring. This can be avoided if the backing is acoiisli- 
cally rnatchetl. At tlie sample-transducer interfacc, a largr 
part of the sigrial is reflected hack into tlle sample. This 
inay he complicating if it leads to significant reflcctions 
iii the smiple that are also detcctcd. Usc of aconstically 
matching layers rnay rcttlucc this problem, but the con- 
struction of Lhe layers for brO&dbaKid transducers is dif- 
ficult to accomplish. For piexoclectric polymers, tlie rc- 
flections can be suppressed easily by matching. Another 
advantage of the polymers is tlie small thickness of the 
sensors, wliicli maltcs them less sensitive for radial forces. 
As a result, the triinsducer can be regarded as a thin disk 
opemting in thickliess mode, in contrast to ceramic scri- 
sors with optirriizcd dirrieiisioris for wliicli the thickness 
approxirnates tlie laleral dimensions. 
V. SIGNAL PREAMPLIFICATION 
In principle, t,wo preaniplification scliernes are possible: 
voltagc arnplification (VA) and CA. Signal prcarriplifica- 
tion for small hydrophone elcnients is ilot discussed rriuch 
in literature. Sonietimcs facts are mentioned that are only 
rclevant for voltage amplification (e.g., [35]). Often VA is 
assumed or presented as tlic only possibility [XI. In othcr 
cases, some advantages and tlisadvarittagcs of both ampli- 
fication schemes arc incntioricd but without thorough dis- 
cussion of srnall signal detection or a colnparisori of SNR 
IIOHLEN et al.: l ~ l ~ X E ( ~ I ' l 0 N  01.' P1101'OA(:01JSI'IC Tl1ANSII~;N'TS 
[42]. CA has the advantage (,hat the outpiil is indepcntlciit, 
ol thc: cable capacitance and stray capacitanccs, hut the 
disnrlvantage that, the noise lcvcl is directly proportional l o  
the lcad (wiring) cnpacitancc:. A disadvantage o f  VA is the 
voltage coupling loss tlrat rcsulls froiii a srridl sensor ca- 
pacitaiicc: relative to tlic load cqncitancc. 111 a comparison 
of the l,wo types of preamplifiers [42], it, was dcnionstrald 
that a liigli sensitivity iiiid flat frequency response can be 
achicvcd by iising CA, but, iii fact, t.licrc was little differ- 
encc iii the iriinirnuiri detectable prcssmo lcvcl for t,hc two 
amplifiers with short, wiring. 
The elec1,rical circuits for VA and CA iirc sliown iii 
Fig. 1. Apart  f r o m  tho filters at tlic oiitput of tlie op- 
cratioiial ariipliiicrs that arc used t,o rediicc tlic noise al, 
low €reqiic:ncies (bclow I MHx), the traiisfcor functions arc 
given by (8) arid ('3) (see top of previous page) 
where C, = C ,  -1- C,s + Ci, R,, = R,Ri/(& + l&) ,  tlic 
high pass cut off lrcqiieiicy wg = l/R,C, for CA, and wg 
is the niaxiiiium of I/iZJ.Cf arid l/R,C, for VA. Thc: ca- 
pacitaiicc C, is used to rctliice the offset at the outpiit of 
lho Ophirip, which rcsiilts from tlic bins current >It the 
non-invcrtiiig input. \Vc sec that, with CA, the signal arn- 
plifica1,ion is given by G ~ A  = C,/Cj, i.c., the ralio of thr 
piczo capacitance arid the fectlbaclt cqjacitance. For very 
small sensor capacitances (<1 pF), it is not possible to 
amplify the signal because t.hcre will always hc a feetihack 
stray capacitance of about this value. With Vh,  the signal 
is ainplified wilh the amplifier gaiii Gvn = (R, + Rf)/R, 
hut also atteniiatcd by t;hc capacitive qiio1,icrit C,/Ct. For 
the rclevarit sigiial frcqiiericics, tlic relative signal airipli- 
l,udes with the two amplification sclicmcs arc given by 
Tliis s h o w  that the voltage amplifier gives a higher rc- 
sporise than the cliargc arnplificr if Gva > (Cj, + C, + 
Ci) /Cj .  As long as tlic output signal ainplitiidc is iiot 
too small to malo further ninp1ific;alioii iicccssary, it is 
the SNR of the prearnplifier lliat tletcrniiiics the tlctection 
limit. 
The major noise sources in VA arc! t.hc thcrinal resis- 
tance noise current 17L,lt horn R,, thc: iioisc ciirrent lrL,+ at
tho non-invcrting input, and the noise voltage U,, of tlic 
OpAnip [U]. hlthougli tlie de tion circuit befor(: the in- 
put of the OpAmp is a high pass lill.cr for PA signals, it is 
a low pass filter lor t,he noisc generated b y  I,,,, and i,,,,/i. 
A high pass Alter at llic outpul, of tho OpArnp effectively 
rcxiuces this noise. 11, is taltcn as a. second-order filter with 
tirrie constant, RC. Using (9), the aiiiplilude SNR. is 
Tlic norninator is cqiial to vu. Vor C,, << (C3 + Ci), the 
signal is proportional to C,, and (Vn) dccrcascs with in- 
creasing C,. In this caso, the hest SNlt  is obtained with a 
ceramic sensor. The choice of R, for a given Ct is not 01)- 
vioiis arid depciids on the relalivc noise contribulions. The 
coiitrihiitioii to tlic final detcctor noise of In,+ is minimized 
by rriiniiriixing i&; the coiitribution from i,hc thermal iioisc 
is niiriirnkcd by maxiinixirig Ri (i.e., shifting the tliorInal 
iioisc to tlic lower frcyucncics). The lower limit. of n, is de- 
termined by tlie RC-time iieedcd for detection of the PA 
sigiials (ca. 1 MHz). 
The major rioisc soiirces OS the chnrge amplifier arc t,hc 
tlicrrnal rioisc froin R,f,  tlic noise ciirrent In,-, at thc iri- 
vcrt,irig input, anti the noise voltage Un of llic OpAmp [43]. 
Of the lhrcc iioisc so11 , only U,, is ainplilied. Using (8), 
tlie SNR is 
With increasing C,,  the SNR. increases until, al. a large 
amplifier gain (C, >> C l ) ,  the output mise is dorniriatetl 
liy U,, arid also heconics proportional to Gcil = C,/Cf.  
For CA too, it is advaiitagcous to iisc a ccraniic as sciisor 
material 
A useful quantity is tlic: noisc equivalent piozo voltage, 
i.e., tlic piezoelectric voltage that gcuorates a. signal at 
t,lic output of tlic detector with SNB. = 1. This qiian- 
tily is found using (11) or (12). A nuinerical evaluation 
of tlic: noisc: equivalent picxoelcctric voltage I/, is sliowii 
iii Fig. 2 for both arnplificatioii schemes as a funclion of 
C,. It was assurnetl that all of the tirrio constants wcre 
equal to I/(% x 10') Y, c:orrespontIing to a frc:qiicncy fo  
of 1 MHz. For low noise OpArnps with n sufficiently large 
bandwidth, t.hc following parameter valiics are realistic: 
U?, z 1 to 3 iiV/JHx, In,+ N 0.5 to 2 pA/JHz,  m t l  
I,,,- N 1 to 15 x In,.,.. The p,zrarnetcr values wcre choscn 
in tliesc rcgio~is. 
The figure sliows that for very small seiisor capaci- 
tanccs, the noise equivalent voltage (or the SNR) is nearly 
the same for the two amplification sclicmes. Tlic perfor- 
inancc of the cliargc arnplificr is sorriewliat b 
4 2 
Disk 0.2 VA, G = i o  0.57 4 0.98 2.0 
Srriall ring 0.37 0.67 VA, G = 10 2.9 3.7 0.33 
Large ring 2.6 3.0 CA, G = 15 20.8 1.4 0.25 
parametcr valiies clioseii, i,hc ma,xiIntnii benefit of thc CA 
is ohtaincd for a sensor capacitaiice of ca. 30 pF. At this 
C,, value, tlic signal to noise amplitiitle ratio is ca. 1.5 
times larger l h i  that for VA. For larger capacitauccs, 
the benefit decreases again. So, in practice, tlicre is hardly 
any difference l)etwecn CA ant1 VA wit,h respcct t,o the 
SNR.. The preferable amplification sclicnic is dclermiiicd 
l)y rnaxirriizirig tlic signal arnplitutle as expre 
For very small piezo capacitances, VA is preferred hccauso 
of the higher signal, but, for larger piezo capacitances, CA 
is preferred because of the higher SNR. But what is impor- 
taut is that tlie limit of detection decreases approximately 
inversely proportional l,o C, for C, < 10 pF. Altliougli 
tlic piczo voltage generated by polymers is 5 to 20 tinics 
larger than for ceramics, the capacitance is 40 to 130 tinics 
sinallcr. For sensors with a diameter below about 1 mni, 
ceramics have a bcttcr SNR.. 
VI. EXPEILIMENTAI, PIEZOELECTRIC HYD~LOP~IONES 
Thrcc hydrophorics with diffcrcrit characteristics liavc 
been used for PA measurements. For tfic nuiiiericsl (:al. 
culatioiis of the performance of t,he detectors, using the 
Maple package [44], well-ltriown cxprcssioiis for tlic signal 
transmission at  thc water-pirm in1,erface [27], for the piczo 
vollage ( 3 ) ,  arid for the preainpliiicatiori (8), (9) i ~ r e  used. 
Because of Idhe case of handling a r i d  tlic low acoiistic 
impedance, the sensors were rnatlc of 9-pm tliiclc biaxially 
strct,cli.etl PVFa film. For the imaging experiments, a disl- 
hytlroplione wa,s iised; for PA detection of soiirccs at larger 
depths, two-ring dctectors were constructed. For some ex- 
periments also, a 1-nim diameter PVF2 seiisor was i ised 
with a filrn thickiicss of 28 pin. 
For tho disk and the small ring tletcci,or, a voltage arm 
plificr was found to be somewhat more advaiitageoiis; for 
tlic large ring detector, a cliargc: anipliiier resulted in the 
besl SNR.. The (liarneter of the disk tlclector was a coiii- 
promise between sensitivity, or SNR, and the roqnirerricnt 
ol point detection for optimal imaging rcsolution. Tlio di- 
meiisions ol' tlie ring detectors wcrc cliosen to obtain two 
different depth ra,rigcs wlierc the sensors have their opt,i- 
mum sensitivity coiribined with a ilarrow apcrtiue. Tlic 
rnain characteristics of t h e  detectors arc surnrnarizcd in 
'l?hle I. 
The coiistriiction of the sensor, corisislirig of four disk 
detectors, is shown sclicmatically iii Fig. 3 .  Four copper 
wires (diarrieler, 200 prn) arc ernl)edticd in Stycast, in a 
Metallization Cyanoacrylate 
PVDPfilm \ ,,/" ,, Silicon resin 
\ 
-. . 
, . .  Conductive 
' acrylate resin 
Grounded housing 
Pre-amplifier 
and filter 
Fig. 3 .  Sclicmatic drawing of tlic PVFa disk dctcct,or. Coppos wiscs 
(2110 & i r n )  arc embcddcd in Stycast and asc polished. Tlic piezo film is 
glimd on top of tliis surface, arid ttic copper wires act as signal elcc- 
t,sodos thiib dctcrmiur Llic cliarricter of 1.11~ sensor. Tlic prcamplificrs 
arc mounl.cd inside t.he hoi&ig. 
groundcd brass hoiisiiig. Tbc surface (perpeiidicular to 
tlic wires) is polished, ant1 the piezofilin is glued on top 
of it, coiq)liiig the signal electrodes capacitively to the 
piczofilm. At the free surface, llic lilrri is nictallized and 
connected to t,he hrass housing by a coiidiictivc acrylatc 
rcsiu. This connection is shielded by a thin layer ol silicon 
resin. Thc voltage preamplifiers, for which t,he low power 
video OpAmps AD810 and AD811 were used, are rrioiiritcd 
tor lioiising. The ainplificr circuits act as 
r to clirriina,te spectral noise coritributiolis 
below ca. I MHz, at which point lhc spectral signal ainpli- 
tudcs arc negligiblo. The t)andwidtli WRS always rriore than 
65 MHx.  For tlie cliargc amplifiers, as well iis for the volt,agc 
amplifier, the noise was concentrated at t,he lower frcqiicii- 
cies in qnitc good agrcerricrit with thcory. The total noise, 
Iiowevcr, was experimentally about a fackor 1.5 larger t,liari 
the theoretical values. Tlic disk detector has a sensitivity 
of 2.0 /rV/Pa as followed from cxtc:nsivc comparison with 
a calihratcd iiccdlc hydrophone (Precision Acoustics Ltd., 
amplitude of al,oiit 1 inV. 
,re eonstructotl in t,hc same way. A 
stainless steel tube is cxnbeddcd in Stycast, epoxy resin to 
replace tlic copper wires m d  to act as tlic signal olectrode. 
Furthcrrnore, after tlic nt,taclnncnt of the piem film, iri 
the large ring detector, a hole was drilled in the c:cnlcr of 
tlic mctsl t)nbe, and a 600-pm core diameter glass fiber 
was inouiited in t,lic sensor. Thc fibcr facet was located 
jiist ahovc the sciisor snrface. Tlic hole was closed wii,h 
llol~:l,lm e l  al.: 1)K'I'P:C'rIOK 0 1 '  P11~1'0hC011~I ' I ( :  'L'I~ANSII~:NI'S 43 
silicon rcsiii. For both ring detectors, thc OpAinp CLC425 
was used, which has soiriewhat better charwctcristics tlian 
thc! AD vidco OpAinps. Tlic rim noise of thn s i ~ ~ a l l  ring 
clctcctor was 0 . 3 3  iriV arid, for (,lie large ring dcl,cctor, was 
0 . 2 3  niV. 
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VIT. TRANSDUCKIL CIIARAC 
The ~xrfori-riaricc of picmclcctric 1,liin tlisk sciisoi's very 
niucli dcp"s  oii tlic rdlcctioii, refraction, aiitl interfa- 
cnce across the irit icc wit11 tlie smiplc. Tlic PA sigiinl 
gcrieratcd by ari cxtcndcd soiirce c m  lx: described as i i  
siiiiirriation of tlic PA signnls frorn smallcr clcnicrits (SII- 
pcrposition principle), so the sigiial from a small spherical 
soi~rcc is used lor t,hc trarisducor characterization. Fig. 4 
shows some cxpcriiiwiital PA signals that  were de 
with the 2 0 0 - p i  diariictcr PVFz transt1iicc:r. The cl 
sourcc gcoinctries corrcsporitl witli a 1ioinogci1c:oiis splicrc, 
a Iiomogcncoiis cylinder, aiitl a cylindricnl shell. Intralipid 
tlilutions arid Evans Bluc solut,ioiis wcrc iisctl to rriirriic tis- 
siic optical charact tics. Also, tlic PA signal gerici.atc:d 
leal t;issnc corltai vessc~ls wii,ll wllole bloorl 
howll. 
$ 1  
E 
3 0 
,y 
I 
1 2 3 4 5 
Time [p] 
pig. 4. Exl,c:ri,rloutal 1 7 ~  sig,,iL~s clctcctccI a 2oo.111n cliamctcr 
piemelectric transduccr. 'L'iic 1 1 1 q ~ r  paucl sliows tlic signals (avcvcr.. 
ngad 64 times) gciicratcd by spot illuminat.ioii uf a I (I-/mi diameter 
is tile kiIld of sigrlal thiLl, is ,isctl for 3-n ahorbing  strand in watcr atid by liorrrtqqxicous illiiniiunt,iori of i.liis 
libcr i l l  a 10% clilutimi of liitralipid (10%). Dc1,cction distance is 
tissue sitrnplcs. For tlie c1inractcri~:ation~tiori of thr , ,R 111111, iIlirl~llc sliows tl,c ,,A sigr,al fi.r,nl an J%llle 
', we llsc tlie depth rcspoiise a,iid thc tlircctiv- stji,lt,ion 
'cnsors, deiinctl as the arnplitiitlc rriaxiiriuiii of vcsscl (itiiicr diani , 750 I n n ;  oiit,r:r diamctcr, !I40 I u n j ,  w4iich is lo- 
tile rcsporlsc fol. the c~c(;cc~,ioll of a l,ipolar nl~olistic p,llse cated in a 10% ililutiori of 1n1.ralipid ( 10%) arid illuniiiiatcd froin asidc 
ns by a spliel.ical P~ soliI'ce [ 7 ~ ,  Tile so,Irce is witli a glass f i l m  i~l  a 1 .5-11iiii clistancc. Tlic rlaslicd lilies iiidicatc 
1.lic transit t,imcs Eroin the iiylorr-watcr ini,crS;u:cs to tlic transduccr. 
charactcrizcd hy a T ~ , ~ ,  of LO to 20 11s. 'rl1(! (l(:ptll rcspollsc: 'lylo r,u~sc energy is 85 ! L , ~ ,  nnci tlrc siglI;ll is avclagccl 16 tilncs. r ~ , l ~ ~  
is tlic signal rnaxirmini as a function of t,lic: tlcplh of tllo iowcr ,ja,,[:i clisplays tile sigr l lL~ rccorrlec~ jllst ill front a ~j-Inm 1 , 1 ~ i ~ 1 ~  
sourcc for oil-axis dctcction. The directivity is thc sct of cliiclim lrixist saniplc t,h;rt contains si:vcra.l %O-lmi inricr iIinrriri.ar 
sigllal lriaxima plottc:cl as a filnctiorl the liL(,cral clisplace. nylon capillaries (at, ilcptlis 1)ctwecti :I arid 4 mmj wif.11 ilowirrg wliolc 
Inerit of thc solIrce witll tllc (lcptl, a,s a paralnctcr tiiicl is blood. T h  I ) U ~ S ~  cllcrgy is :100 p,J; i.he siwal is averaged 16 i.iInes. 
norrnalized wil,li t,lic sigrial at, ~ioriiial iiicidcncc. 
Mcasnrcrrienls havc t)cc!ii perlorniotl to rcvcal Llic rcla- 
tive clcptll r.espollscs l,~ic dcl,clctors, ~ l ~ i ~  is sllowll 
la,rgc rlctail clsewhere [181p[21~, \vc l,sctl il Nt :yA(; laser iLt 
532 lllrl wit;h ~O. l l s  pulses 
bid we applictl cit,ller a 10% lrltralipitl.lO% tlil,i- 
(,ither w~lolc! l,loocl or ail F , ~ ~ ~ ~  ~ 1 ~ ~ ( !  solutioll witll silnilaa 
ahsorption. A 10-piri diameter absorbing thread irriitli;ttctl 
over n snia.11 length acted HS the PA sourcc. Tlicorctically, 
this signal has a rpp of 1 2  ns. Typically, a rTIp hctwccn 13 
and 23 us was measured, the broadening of which inay he 
partially due to fraqiiency-dcpciident absorptioii in water 
[7].  In the calculations, tlie thcorctical value 'ilras used. Be- 
cause tho source strength was 1101, well rcproduciblo, the 
cxpcrimental tlcpth rcsporiscs of the thrcc tlctcctors wcrc 
riormalixxl to corrcspontl with the thcoretical curves. The 
figure shows the relative large smsitivity of tlic ring dctcc- 
tors iLt a large]. tlopth. For a dcpth z > 6 rririi, the large 
ring tletcctor has thc highest sensitivity. At tlistaiices close 
to Lhc surface ( z  < 1 r run ) ,  t.hc disk dct.ccl;or has the high- 
est sensitivity, and, iri tietween, thc: sinall ring detector is 
favora'r)lo. 'I'he signiiicaiit devia1,ioiis of the cxpcrimcrital 
,,,,, = :<no cnl- 1 flClwing ttlrollgi, il +,ranslucclrt 
soiisitivitics ai, siuall tlcptlis ftoni the tlicol.etical curvc:s 
short line soiirc:c. For the ring dc:tcctors, a lletter prearnpli- 
ficr was used than with the risk detector. Using t,hc sanic 
OpAml, lor this dctoctor will iricrcxic t,lic perfotrnaricc by 
of tlic: liigher sciisitivity of ring tlctcctors for tlocp nica- 
sllrcnients. 
The response of a detector tlopends on the angle of 
incitlcncc, tlic signal shape, the duration, the dctcction 
distance: ant1 tlie diamctcr(s) of the detector. Together, 
tlicse parameters determine tlic normally transrnittctl sig- 
iid ainplitudc and the acoustic iriterfcrcncc. l h r  the dif- 
ferenl, detectors, the sensitivity for lateral translation of a 
P,4 source is quite diIli"t. Tliese relatioilships have bccii 
dctcrmirietl oxpcrimentally and theoretically (by niinicri- 
(:a1 evaluation). A 10-pm thick absorbing fibor illiiminatctl 
over 70 p i  ac1,od as tlie PA soiirce, generating a. bipolar 
PA signal witli rljl, = 13 lis. For the t,lirc:o dctcxtors, l.hc 
sourcc w a s  located al, tiifferelit dcpl;lis: for tlte disk dctcc- 
tor, at 1 inni; for tlic: srriall ring tlctector, a1 3 nim; and 
lor the large ring, at, 10 r u m .  Tlic: rosult is shown in Fig. 6. 
in Fig, 6, The cxl,crirrwntal Itas ilecll &scril,ccl irl are proh>Lbly d U C  LO tall(! fact tll>Xt I h !  SOUl'CC Rc(,llally is 
at,oLit 100 ,/,.J c!acll, hs tllc 
tion or real clliclc,l lIrcast tisslic, ns tllc! al,sor~)cr, we usecl d)olit i i  faclor I .5. The rcstilts ~ l ~ i r l y  show tlic iLtlviiiitag(! 
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Fig. 5. Comparison of the dcpt,li response of a disk dctcctor (O.D., 
0.2 mm), a small riug detcctor (0.37 mm x 0.67 mm), and a largc 
ring detector (2.6 mm x 3 mm) for a spherical sonrce. Calculations 
with rpI, = 1 2  ns. The experinicntal data arc normaliaed to fit to the 
calculated curves. 
Tlic figure shows that all of the detectors have ahout l,he 
same HWHM for the signal amplitude as a fiinction of 
the rela1,ive translation (disk, 0.2 mm: BWIIM = 0.2 mni; 
small ring, 0.37 x 0.67 mm: HWHM = 0.25 mni; largc ring, 
2.6 x 3 mrn: HWHM = 0.2 mm), biit this is obtaiactl at 
very diffcrcnt depths. The figure shows that a larger ring 
has a (much) more pronounced forward sensitivity. R.ing 
detectors, however, show sitlc lobes in their dircctional sen- 
sitivity a t  a translation equal to the radius of thc ring, 
and the signal shape is distorted. For line sources, this ef- 
Ecct is cveri much more pronounced, and the sidc lotic can 
have a highcr amplitude than thc sensitivity for on-axis 
detection. If concentric rings arc used for the detection, 
this phenorncnon can tic reduced. This is sliowri in Fig. 7. 
The HWHM for the double ring detector is 60 psn (for a 
soiircc at a 5-mm depth), and, for tlie single ring detector, 
the HWHM is 76 pm. The directivity of tlie double ring 
detector is the result of tlic snm of the individual ring sig- 
nals. Using h i e  shifts may further increase the forward 
sensitivity. With multiple concentric rings, a very strong 
forward sensitivity can he obtained with a variable dcptli 
of focus. This may be used for deep on-axis monitoring of 
PA signals in tissiie. Because of the large tliamotcrs, tlicse 
dctectors arc not very suitable for integration in a 3-D 
imaging sensor, unless thc detector is scanned across the 
slciri surface. 
VIII. DETECTION L~MITS 
The relative capabilities of the three different hy- 
drophones to detect a spherical PA source in an optically 
tissue-like medium as a function of the depth of the source 
is shown in Fig. 8. The source, with a diameter of 370 prn, 
has blood-lilc absorption. Expcrimerits with a cylindrical 
source of this &meter in an Iritralipid dilution with added 
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Pig. 7. Directional depcudencc of a single ring dckxtor 
(2.6 mm x 3 m n )  and two concentric rings (2 nim x 2.1 mm and 
3 min x 3.1 mm) with a point sourcc aL a 5-mm depth as ii fimction 
of tlic relative i;ranslation. The expcrimental data arc for tho singlc 
ring detccior. Calculations are for rpp = 12 11s. 
atisorber (Evans Blue) to obtain a reduced scattering co- 
cfficierit p: of 0.75 mm-' and an absorpt,ion c:ocfficicnt p,, 
of 0.1 inm-' (corresponding to tissiic) revealed that, for 
a 1.80-pJ laser pulse at 532 mi with the largc ring detec- 
tor, the PA signal, averaged 128 times, was r1etect)able a t  
a depth o17.8 mm with a power SNR of 10. The rms noise 
was ahout 8.8 mV. For other optical parameter values, the 
diffusion approximation for an incident pcncil beam is used 
to approximate the liglit flucnce and to calculate thc ap- 
propriate SNR values. For a spherical source with the same 
diameter as a cylindrical source, the PA signal is about 
five times smaller. These data, wcrc used t o  detcrrninc the 
dchctiori limit; for several configurations. The theorctical 
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able, but, to dctcxt tlic soiircc, tho parameter values have 
to be cliaiiged to get tlic CIII'VCS above the dctecl,ioii limit. 
At 800 iim, the delcctors show l.hc same rclai.ive behavior, 
hiit the SNR. of a riioasitrc~~ic:nt docs not dccreasc R S  fast 
with increasing depl>li as a,t 532 nui. This is llie result of 
lhc largcr dTrctivc optical iricau f'ree path. In priiiciplc, 
it sliould be possi1)lc t,o iiic:rcase the light ciiergy until the 
al)sorl)ed energy 1ica.r tlic tissue surface is equal for the var- 
ious waMlcngths as long as there is no cavihtion or plasina 
forination. Thcii, the curves for 532 nim and 800 rim star(, 
at the same va,liic for sinall dcpth, aiid t,hc sourcc can bc 
dotcctetl up to aboiit 20 rr i r i i  willi the large riiig tictechor 
(at 800 nm) if t,lre otlier pararrtcters arc kept constant. If, 
] 2 3 4 5 6 7 8 9 10 ai; 800 mu, a, IO-1n.T lascr piilse is used ( i s . ,  10 times l n r ~ e r  
Fig. X. Theoretical del.cctability 01 i i  PA signal Froin a 0.37-iiim iliain- 
ctcr spherical sourcc with hloocl-like ahsorptioii located i i i  pliniitoiri 
tissiic for tlircr clifferciit dctcci.ors. UctccLiori is iii rcilcctioii ilioda. 
The calciilat~ions arc for 1.ni.J laser pulsc ciicrgy niid f i x  sigiials in- 
0.agcd 128 times. Tlic opi,ical cocficiciits of the iiicdiiiirr arc givcii 
in Table IT. 
cleptli rcsponscs of the tlircc tlctcctors wcrc iiscd to f i r id  tlic? 
rclativc sensitivities. The rioisc of l,hc airiplificrs is assiitricd 
to bo tho same. Tlie a1)sorbod ciiergy E<, is proportional 
to pa, so the signal a t  800 mi (/.in = 5 cn- ' )  is ahout 60 
tinics sniallcr than that a ~ ;  532 mi (/L" = 300 clli--l) for 
equal laser piilse energies teaching thc: targcl. This effect 
will lie partly compensated by decreased scattcriiig iipoii 
iricreasirig wavclcrigtli. Tlic optical paratnetcrs for bled 
less tissue were taltcn RS showii in Table 11. The ahsorptioii 
is likely to be ; h u t  a factor 3 1.00 large coinpared will1 
in vivo ~nei~siii.emcrits iii tissiic and slioiild IIC regardcc1 tis 
worst case. 
Parainetcrs that may bc clianged are tlic laser pulse cii- 
ergy l3+ /in, aiid p: of l l tc  mctlium, and tlic t-letcction lirriii,. 
The latter dcpends on the SNR. characteristics of the dr- 
tectors. Rcdiicirig tlic noise of a tletcctor with a, factor 2 
or increasiiig the sensilivity of tlic scrisor with it factor 
2 (while keeping the noise constant) will sliifl t.lie ciirve 
iipw'ward with l,hc same factor. The siiriic holds for an iii- 
crcase in light pulse c~icrgy. If tho optical properties differ 
from tlic ones used here, the curves arc clinnged with a 
depth-dependcut, factor that is defiiied by tlic cliangc in 
the fliicncc: 
-(%) r = k cxp { - / L P f f ( Z  - 1/ / . tT)}  
a>" / L I ~ , D  CXP { - p e : f s , o ( ~  - l /pi?,,(i)} (13) 
where the siibscript 0 refers to tlie coefficients uscd licrc 
The iigiirc shows that for dctec1,ion distancos lager tliaii 
0.5 mm, llic small ring del,cctor has higher sensitivity tliau 
the disk detector, and, for deptlis larger tliaii 5 to G mm, 
blic large ring dctcctor has tlic highest sensitivity. For the 
givcri assumptions with the disk detector, the spherical 
source (:ai bc detected with 532-nm light up to a dcpth 
of 6 mui. For the ring detectors, this is ca. 8 rnin. Ai, 
largcr depths, the ring detectors are iiicrcasingly favor- 
(SCC T ~ M C  11); ptV = pn  + p i  arid //,.ss = ( : < / ~ , , p ~ ~ ) l / ~ .  
, .  - 
than a1 5 3 2  r im) ,  tlicii, at, a rlcplli of 6 nirn, tlic SNR of the 
sensors are tlic sairic €or both wavcleiigths, and, at larger 
rlcptlis, the 11car iiifrarcd lighl, is lavoralilc. 
For cyliridriciil sources, llie PA signal decrease causctl 
Iiy the iicoustic propagatioii is proportional to r- ' /z ,  iii 
coiitrnst. to thc ,r-' dcpcndoncc for spherical propagwtion. 
For cylintlrical so~irccs, the (:urvcs iri tho figiire arc shifted 
iipwwrc~ witli a factor (r/n) ' I2,  wlicrc r is tIic dctcction 
distance (tlepI,li) aut1 12 is tlic radius of tlic sourcc. 
ix. CONCLIJSIONS 
In the i~iti.oductioii, we stat.etl h i t ,  for applications 
with tissiie, IVC: had 1.0 reconsider tlic sigiid processing 
of PA tlelcclioii. We liave seen that t,lic sciisitivitg of the 
picaoclcctric: PVFZ liydroplioiics is limited prirnarily by 
tlie mise S ~ I I I ' C C S  of f,hc opcraliorial amplifier that is useti 
for preainplification of the sciisor signal. There is not niuch 
difference between VA aid CA, but, for t,he OpArrips used, 
tlic SNR is sonicwliat lmgcr with CA 1,lian wil,h VA. Tlic 
maxiinn1 difference was found for a sensor capxitancc of 
3 0  pF. 170r scusors with a sriiall capacitaricc, VA was pre- 
fcnctl bccaino of tlin higher oiitpiil, signal, recliicing the 
ricctl ol further signal ainplificatioii. The iioisc cquiva- 
lciit prc!ssurc arnplitiitles of lliesc hydi~opliones are lower 
t,haii those of coiitmorcially available nccdlc hydrophones 
or than tlie values r c p r t c d  in litcraturo. 
Tlic iiifliicncc of acoustic intcrfercncc (spatial prcssuro 
averaging) 011 tho hydrophone oiil;pui, was demonslratcd, 
arid criteria for tlie dimciisioris of the disk dctcctor were 
tlcvclopcd. This detector lias a large niiglc ol' acceptance. 
Tlic ring dcteclors have a much iiiorc forwtird pcalted scri- 
sitivity and may, thcroforc, be used for on-axis iironitoriiig, 
especially if a nunibcr. or conccrilric rings is used to reducc: 
side lobes. 
Becaiise of lhc hroadbantl cliaracterist,ics of polymer 
films and because of l l i e  easy 1ia.ndliiig of these filrns, PVF2 
was used as the sensor material. From the ciirvcs for (,he 
tlotcctwbility of 0.4inni diainetcr splierical PA soiirccs in 
tissue with blood-like absorption, for various hydrophones, 
llie following SNR, pnramcters for PA tlctecl,iori can be 
derived. At a dcpth of 2 imn, typical SNR valucs rauge 
bctwecii 40 and 200 for 632 nni arid bctwccn 0.7 am1 3 
40 
for 800 rim; at a depth of 6 inm, i hcse  valncs rangc bc- 
tween 0.9 arid 4 for 532 m i  and between 0.1 ar id  0.5 For 
800 nrn. Tliese vdiics are for a lascr pulse energy of 1 rriJ. 
Kowever, bccaiise of the rnucli lower absorption ol IICW 
infrarcd light in tissue, a much liiglicr hscr piilsc cricrgy 
may be applied, whicli results iii a iniicli higher SNR valiic 
for this case. We have shown that with a 200-//,rn diam- 
eter disk, t,rarisdncor rnicro ucturcs with hlootl-like ah- 
sorption in incdia such as tissue cari be detected up to 
depths ol‘ 6 uiin using 532-ani la,sc:r piilscs. This trans- 
duc:er is very suitahlc for app1ic:ation in a matrix sensor 
for 3-D PA tissue imaging becaiise of its sinall lateral cli- 
mcrisioris a;nd its higher SNR coiriparcd with cornniorcially 
availablc nccdle liytlrophoncs. For PA imaging a1 tlcpt,hs 
up to  alr)oiit 5 mill the sliortcr wavelengths arc  preferred 
bccaiisc of the large contrast and the high rcsolutiori that 
c m  he obtained; for dep1,lis larger tliari about, 6 mrri, near 
iiifrrared light is preferred. Largcr depths ciin lie rcachetl 
wii.h Iargcr seiisor diarnctcrs aiid a Iwgcr piczoclectric filrn 
thicltncss, Loth a,t the cost of rcsolving powcr. The radiant 
fliicricr attcriuation with depth was lakcri for a worsl case 
(rather high a1)sorptiori was assurricd), arid llic rnaxirrniin 
tlclection depth is likely to he larger tliwn iiidicated by the 
calciilatcd curves. For the doi,ection of cyliridrical so~irccs, 
the depcndcnce on the depth is reduced. In practice, with 
tlic appropriate pamrnct.er valucs, it shonld he possible to 
detect sonrces with a diaiiicter of several tenths of a iiiil- 
liuicter up to about a 2-cm dopth witlinut the use of large 
focusing transducers. For :a spherical source with this di- 
ainckcr, tlie rriaxiinurn depth of detection is aboul 1.5 cm 
under the sarnc conditioiis. Broad beam irradiat,ion iiiay 
fiirthcr increase tlic iiiaxiniiim detcctioii dcpth. 
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